Laminated composite materials allow for tailoring of their elastic properties through deliberate selection of the orientation of their constituent laminas (referred to as ply angles). Among the achievable properties is a coupling between in-plane and out-of-plane deformation modes. Extension-Twist is a specific type of coupling which has applications in rotor blades to change the angle of attack with a change in rotor speed. The optimal Ply-angles for E-T coupling have been obtained in previous work using Sequential Quadratic Programming. Since the Objective and Constraints are highly nonlinear, there exist multiple local and global solutions. This work tried to explore through the use of Ant Colony Optimization (ACO), a global optimizer, whether there are any better designs than those obtained in previously work. It was verified that the E-T couplings obtained in previous work was global optimal. In addition, ACO produced new global optimal designs which were similar to the previous designs in terms of objective and constraint satisfaction.
Introduction
Coupling of deformation modes can be used advantageously to elastically tailor the response of a composite structure. For example, extension-twist coupling has applications ranging from wind turbine blades to tilt-rotor aircraft. Other types of coupling include extension-bending, bending-twist, and anticlastic coupling. Extension-twist coupling is only achievable using asymmetric stacking sequences, which often produce hygrothermal instabilities, meaning temperature or moisture changes cause bending or warping [1] . Past design methods involve obtaining the desired coupling properties then attempting to minimize hygrothermal effects [2] . Seequential Quadratic Programming (SQP) has previously been used to satisfy hygrothermal stability as the primary constraint then investigates the achievable elastic properties.
The first established family of extension-twist-coupled composites that retain hygrothermal stability was detailed by Winckler [3] and given by the stacking sequence
These Winckler-type laminates have been the industry standard since their introduction. A review of their usage has been published previously [4] . It has been discovered, however, that this family does not contain all hygrothermally stable laminates. Further, it has also been found that Winckler's family does not maximize extension-twist coupling among laminates consisting of eight plies. This work uses a global optimizer, Ant Colony Optimization to explore better designs with hygrothermal stability enforced as given in previous work [5] . Ant Colony Optimization is described followed by optimization problem formulation and results.
Ant Colony Optimization
In the last decade various algorithms have been researched to solve optimization problems based on prey catching behavior of ants. Such algorithms find application in robotics, objects clustering, communication network and combinatorial optimization. The ants whose behavior was modeled in this work are found in Mexican desert and are known as Pachycondyla apicalis [8] . These ants use visual cues as feedback mechanism for catching preys. They use simple principles to search their preys, both from global and local viewpoint. Starting from their nest, they globally cover a given surface by partitioning it into many hunting sites. Each ant performs a local random exploration of its hunting sites and choice of site is sensitive to the success previously met on this site. These principles have been translated into an algorithm to obtain global optimal solution of unconstrained and constrained optimization problems [8, 9] . Following is a brief algorithm based on the behavior of these ants.
(1) Choose randomly the initial nest location N. This is the starting point to the algorithm. Readers are encouraged to refer to [8] for in depth information about recruitment process and the performance of algorithm. Lagrange multiplier approach was used to solve the constrained optimization problem. Figure 1 Illustration of Global and Local search mechanism: (a) Sites s1, s2 and s3 are randomly generated (their maximum distance from the nest N is given by Asite), (b) Squares represent local explorations of site s1 at a maximum distance Alocal from s1.
Optimization Problem Formulation
As given in classical lamination theory [6] for specially orthotropic plies, a laminate's non-mechanical in-plane forces and shears and out-of-plane moments and curvatures are related to the in-plane strains and out-of-plane curvatures as 
Since hygrothermal stability can be defined has having the out-of-plane curvatures equal to zero for any change in temperature or moisture, this can be expressed as Figure 2 Illustration of algorithm. In (a), the nest is randomly placed in the search space. Then, in (b), hunting sites are randomly created around the nest with the distribution generated by the Asite parameters. In (c), due to the local explorations, hunting sites move towards more interesting areas of the search space (here the center of the space in our example). Then, in (d), the nest moves to the best generated point so far. Hunting sites are then created again as in (b), and so on. 
where θ is the angle of the k th ply, and T 1 , T 2 , and T 3 are solely functions of the material properties and temperature and moisture changes.
Using (2), it can be proven that the necessary and sufficient conditions to ensure hygrothermal stability are either
N xx (T,H) =N yy (T,H) and N xy (T,H) =M xx (T,H) =M yy (T,H)

=M xy (T,H) =0
or (5a, b)
This leads to the following objective and constraints for our problem.
Objective is to maximize Extension-Twist term:
(6) Constraints for Hygrothermal Stability can be expressed as: Figures 3 and 4 show contours for objective and constraints. It can be seen that the objective and constraints are highly nonlinear which merit the use of global optimizer like ACO.
Results
ACO produced multiple global solutions. It was verified that the results obtained from the previous work were global optimal. These multiple global solutions would be valuable if any other design or manufacturing criteria needs to be imposed further. Table 1 lists the designs from previous work and the ones obtained from the current work. In order to compare the new designs with the previous ones, robustness of the all the designs was computed by varying ply-angles from -2 to +2 degrees. Figure 5 shows histograms for objective functions (of previous and new solutions) with the designs perturbed by 2 degrees around the optimal for 8-ply design. Figure 6 shows histograms for sum of squared constraint functions (of previous and new solutions) with the designs perturbed by 2 degrees around the optimal for 8-ply design. It can be observed that both the solutions are almost equally robust -one does better with objective and the other with constraints.
Conclusion
1>It was verified that the E-T couplings obtained in previous work were global optimal. 2> In addition, ACO produced new global optimal designs which were similar to the previous designs in terms of objective and constraint satisfaction.
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